EFFI Cl ENT COVPUTATI ON OF SPATI AL FILTER MATRI CES FOR STEERI NG TRANSM T
DIVERSITY IN A M MO COMVUNI CATI ON SYSTEM BACKGROUND 1. Field [0001] The
present invention relates generally to comruni cation, and nore specifically
to spatial processing for data transm ssion in a multiple-input

mul tiple-output (M M) communication system U. Background ]0002] A M MO
systemenploys nultiple (NT) transmt antennas at a transmtting entity and
multiple (NR) receive antennas at a receiving entity for data transm ssion.
A M MO channel fornmed by the NT transmt antennas and NR receive antennas

nmay be deconRFRICTENT SOMPU TIOWO&*SPATMF!@JERMAMCES?} . The

Ns spatial chann ' I achi eve
hi gher t hroughput egﬁgg?t ' gﬁﬁ\iﬁs‘:wmﬁrieﬂ% Ility. [0003]
Each spatial channel may exp®t us channel conditions
such as, e.g., fading, nultipath, and interference effects. The Ns spati al
channel s may al so experience diff | conditions and may achi eve
di fferent signal-to-noise- and-int ﬁﬁmt i os (SNRs). The SNR of each
spatial chanpel degemRrmnes its transm ssion capacity, which is typically
quantified by a particular data rate that may be _re,liabldy transnmtted on
the spatf908ll channEhe pressat mvention relates ggmerally teraamurpigatipnepnd pefs sp I

]
conditions c 3 : f S ' L£he (@Pﬁ@ changes
over tine. [%%al%&lre?r%ﬂrég@gag%r or nagr\l;lc%e?l% mé éﬂylgltﬂggﬁfrdn} ut' |zg sone
form of feedbamkunivdtenssferhhe receiving entity eval uates the spati al
channel s and provi des feedback information indicating the channel condition
or the transm ssion capacity of each spatial channel. The transmtting
entity may tigen # odn@e data transm ssion on each spatial channel based
on the feedback information. However, this feedback information may not be
avai | abll@02lor varAdEMPOesystens cmplyys esdiple N1}t ransmit petannagat rfo transgpitivg t

feedback entity and multiple (NR) receive antennas at a receiving entity for data fransmission. A

* MIMO channe] formed by the Ny transmit antennas and Ny receive antennas may be
decomposed into Ng spatial channels, where Ng <min{N,, N;}. The Ns spatial

channels may be used to transmit data in parallel to achieve higher throughput and/or
redundantly fo achieve greater reliability.

[0003] Each spatial channel may experience various deleterious channel conditions
such as, e.g., fading, multipath, and interference effects. The Ny spatial channels may
also experience different channel conditions and may achieve different signal-to-noise-
and-interference ratios (SNRs). The SNR of each spatial channel determines its
transmission capacity, which is typically quantified by a particular data rate that may be
reliably transmitted on the spatial channel. For a time variant wireless channel, the
channel conditions change over time and the SNR of each spatia! channe] also changes
over time.

[0004] To improve performance, the MIMO system may utilize some form of feedback
whereby the receiving entity evaluates the spatial channels and provides feedback .
information indicating the channe] condition or the transmission capacity of each spatial
channel. The transmitting entity may then adjust the data transmission on each spatial
channel based on the feedback information. However, this feedback information may
not be available for various reasons. For example, the system may not support feedback
transmission from the receiving entity, or the wireless charmel may change more rapidly |

than the rate at which the receiving entity can estimate the wireless channel and/or send



transm ssion fromthe receiving entity, or the wirel ess channel may change
nore rapidly than the rate at which the receiving entity can estinate the
wi rel ess channel and/or send 2 back the feedback information. In any case,
if the transmtting entity does not know the channel condition, then it may
need to transmt data at a lowrate so that the data transm ssion can be
reliably decoded by the receiving entitypeven with the worst-case channel
condition. The perfornmance of such a system would be dictated by the
expect ed worst-case channel condition, which is highly undesirable. [0005)
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. SUMMARY

[0007) Techniques for efficiently computing spatial filter matrices used for spatial
processing by a receiving entity are described herein. A transmitting entity may
transmit data via a MIMO channel using either full channel state information (“full-
CSI”) or “partial-CSI” transmission, as described below. The transmitting entity may
also utilize steering transmit diversity (STD) for improved performance. With STD, the
transmitting entity perforrus spatial processing with different steering matrices so that
the data transmission observes an ensemble of effective channels and is not stuck on a
“bad” channel realization for an extended period of time. The receiving entity performs
the complementary receiver spatial processing for either full-CSI or partial-CSI
transmission and for steering transmit diversity. The spatial filter matrices used for
receiver spatial processing may be efficiently computed if the MIMO chamel is
relatively static or does not change abruptly.

[0008] If the MIMO channel is relatively static over a range of transmission spans (e.g.,
a range of symbol periods or frequency subbands), then the channel response matrices
for the MIMO channel over these transmission spans may be highly correlated. In this
case, an initial spatial filter matrix may be derived based on a channel response matrix

and a selected receiver processing technique, as described below. A spatial filter matrix



[0005] If the M MO channel is relatively static over a range of transm ssion
spans (e.g., a range of synbol periods or frequency subbands), then the

. channel response matrices for the M MO channel over these transni ssion
spans may be highly correlated. In this case, an initial spatial filter
matri x may be derived based on a channel response matrix and a sel ected
recei ver processing technique, as descrided below. A spatial filter matrix 3
for each transm ssion span within the static range nmay then be conputed
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BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 shows a transmitting entity and a receiving entity in a MIMO system;

[0012] FIG. 2 shows a model for data transmission with steering transmit diversity;

[0013) FIGS. 3A and 3B show data transmission in a single-carrier MIMO system and a
multi-carrier MIMO system, respectively;

[0014] FIGS. 4 and 5 show processes to compute spatial filter matrices for fully and
partially correlated channel response matrices, respectively;

[0015) FIG. 6 shows a block diagram of an access point and a user terminal; and

[0016] FIG. 7 shows a block diagram of a processor for spatial ﬁltef matrix computation.

DETAILED DESCRIPTION
[0017] The word “exemplary” is used herein to mean “serving as an example, instance,

or illustration.” Any embodiment described herein as “exemplary” is not necessarily to
be construed as preferred or advantageous over other embodiments.

[0018] FIG. 1 shows a simple block diagram of a transmitting entity 110 and a
receiving entity 150 in a MIMO system 100, At transmitting entity 110, a transmit (TX)
spatial processor 120 performs spatial processing on data symbols {(denoted by a vector

s(m)) to generate transmit symbols (denoted by a vector x(m)). As used herein, a



DETAI LED DESCRI PTI ON [ 0017] The word "exenplary" is used herein to nean
"serving as an exanple, instance, or illustration.” Any enbodi nent

descri bed herein as "exenplary" is not necessarily to be construed as
preferred or advantageous over other enbodinments. [0018] FIG 1 shows a
sinple block diagramof a transmtting entity 110 and a receiving entity
150 in a M MO system 100. At transmtting entity 110, a transmt (TX)
spatial processor 120 perfornms spatial processing on data synbols (denoted
by a vector s(m) to generate transmt synbols (denoted by a vector 1(nm)).
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obtain “detected” data symbols {(denoted by a vector §(m)). The detected data symbols

are estimates of the data symbols sent by transmitting entity 110. The spatial processing
at the transmitting and receiving entities are described below.

10020] The spatial filter matrix computation techniques described herein may be used
for a single-carrier MIMO system as well as a multi-carrier MIMO system. Multiple
carriers may be obtained with orthogonal frequency division multiplexing (OFDM),
discrete multi tone (DMT), some other multi-carrier modulation techniques, or some
other construct. OFDM effectively partitions the overall system bandwidth into
multiple (NF) orthogonal subbands, which are also referred to as tones, subcarriers, bins,
and frequency channels. With OFDM, each subband is associated with a respective
subcarrier that may be modulated with data.

[0021] In MIMO system 100, the MIMO channel formed by the Nt transmit antennas at
transmitting entity 110 and the Ny receive antennas at receiving entity 150 may be

characterized by an N x N, channel response matrix H(m), which may be given as:

hy(m)  ha(m) - hl.n,(m)

hoaCm) Ry (m) o hyy (m)

H(m}= , Eq (1)

Py, 1 () hy, 2(m) - Py, v, (1)



discrete multi tone (DMI), some other multi-carrier nodul ati on techni ques,
or sone other construct. OFDM effectively partitions the overall system
bandwi dth into nultiple (NF) orthogonal subbands, which are also referred
to as tones, subcarriers, bins, and frequency channels. Wth OFDM each
subband is associated wth a respective subcarrier that nmay be nodul at ed
with data. [0021] In M MO system 100, the M MO channel fornmed by the NT
transmt antennas at transmtting ent|t§/ 110 and the NR receive antennas at
receiving entity 150 may be characteri zed by an N R x NT channel response

matrix H(m, which may be given as: hla(m d(t|t) . h,N7(m) h2,1(m
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h,,, (m, for i =1 ,.. NR and J ... NT, denotes the coupl,ing or conplex
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transmt one | ti-carri M ste tra sion
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span nmay al sgysea Qrtrafsmiskiph epaylp borfepindds oﬁédtﬂﬁfanmai bnaoémmpamd% For
sinplicity, the M MO channel is assuned to he full_ rank with Ns = NT 5 NR .

[0022] The MIMIMHSHONCPARIHRYAISHevEr aultiple papholipedods andior maulitple subbapds. o
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mode may employ partial-CSI transmission whereby data is transmitted on spatial
channels of the MIMO channel, e.g., from individual transmit antennas.

[0023] The MIMO system may also employ steering transmit diversity (STD) to

—D
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improve performance, With STD, the transmitting entity performs spatial processing
with steering matrices so that a data transmission observes an ensemble of effective
channels and is not stuck on a single bad channel realization for an extended. period of

time. Consequently, performance is not dictated by the worst-case channel condition.

1. Calibrated Mode — Full-CSI Transmission

[0024] For full-CSI transmission, eigenvalue decomposition may be performed on a

correlation matrix of H(m) to obtain Ng eigenmodes of H(m), as follows:
R(m) =B (m)-H(m) = E(m)- A(m)-E* (m) , Eq(2)

where R(m) is an N x N.. correlation matrix of H(m) ;
E(m) is an N; x N, unitary matrix whose columns are eigenvectors of R(m);
A(m) is an N, x N, diagonal matrix of eigenvalues of R(m); and

“H» denotes a conjugate transpose.

A unitary matrix U is characterized by the property U? - U =1, where I is the identity

matrix. The columns of a unitary matrix are orthogonal to one another, and each



with steering matrices so that a data transm ssion observes an ensenbl e of
effective channels and is not stuck on a single bad channel realization for
an extended. period of tine. Consequently, performance is not dictated by

t he worst-case channel condition. 1. Calibrated Mode - Full-CSI Transm ssion
[ 00241 For full-CSI transm ssion, eigenval ue deconposition nmay be perfornmed
on a correlation matrix of A(nm to obtagn Ns ei gennodes of 11(m) , as
follows: R(M=H'(mMHM=E(MA(ME"(M , Eq(2) where R(m is an NT x NT
correlation matrix of O(m ; E(m is an NT x NT unitary matrix whose col ums

are_ei genveckdhirin Bhs ifhower N(THe SR EGH) MaNbe ds@DR batiiB prdc¥ssig 181 enval ues
of R(m ; and "H' denotes a conjugate transpose. A unitary matrix Uis

char act er i zetaspittihg emtitg pe taysmit dath)om the Ny wigenmodesiof Hwe) .i Theeigenymodemt ri x.
The columms of a unitary matrix _are orthogonal to one another, and each 6

col urm has umRY bpdigeyed @Wﬂ?ﬁﬁﬂ@@@hfh% s phtained dhrough depempafition.odBesi ng by

the transm t . The
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deconposi ti ope ﬁyageﬂﬁcm@n@hngm&rm dRborffdiioR Baye b6 BY PeHBAndd toRibRin  Whi ch
represent the power gains the Ns ei genrmdes Si ngul’ar val ue
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Wi th steeri ngith s@adiy tranihitdivetsity, asaslldw: | ows: 'j (M) = E(m) V(m) s(n) , Eq
(3) where s(nm) is an NT x | vector wth up to Ns data synbols to be sent in
transm ssion span m_ Y X NT steering matrix for trapsplssion
span m  E(m is %Hé”)ﬁagé”&(—&ff') é(’@)eﬂvect ors for transm ssion spa?ﬁ‘h{g)and x f
(m is an NT x 1 vector wiwth NT transmt synbols to be sent fromthe NT

transmt antepnas jin tra m sion span m . .
ﬂ ere s(m) is an fvector w*RfEl up to Ns data symbols to be sent in transmission

spanm ;
Y(m) is an N x N, steering matrix for transmission span m;
E(m) is the matrix of eigenvectors for transmission span m; and

X,(m) is an N, x1 vector with Ny transmit symbols to be sent from the Ny

fransmit antennas in transmission span m.

As shown in equation (3), each data symbol in s(m) is effectively spatially spread with
a respective column of V(m). If Ng <N, then Ng data symbols in s(m) are spatially
spread with an Ny xN matrix V(m) to obtain Ns “spread” symbols. Each spread

symbol includes a component of each of the Ny data symbols. The Ns spread symbols
from the spatial spreading are then sent on the Ng eigenmodes of H(m). Each steering

matrix V(m) is a unitary matrix and may be generated as described below.

[0026] The receiving entity obtains received symbols from the Ny receive antennas,

which may be expressed as:

L, (m) =H(m)-x,(m)+n(m)=H(m) E(m)-Y(m)-s(m)+n(m) ,

Eq(4)
=H, ;(m)-s(m)+n(m)

where r (m) is an N x1 vector with Ny received symbols obtained via the Ng

receive antennas in transmission span m;



As shown in equation (3), each data synbol in s(m is effectively spatially
spread with a respective colum of VW If NS < NT , then Ns data synbols in
. s(m are spatially spread with an N. xNs matrix V(n) to obtain Ns "spread"”
synbol s. Each spread synbol includes a conponent of each of the Ns data
synbols. The Ns spread synbols fromthe spatial spreading are then sent on
the Ns eigennpdes of H(M. Each steeringy matrix V(m is a unitary matrix
and maybe generated as descri bed bel ow. 100261 The receiving entity obtains
recei ved synbols fromthe NR receive antennas, which may be expressed as:
rE(m =HCm) xF (M +a6 5 EERsE ek 6} Shdihtsfomdspan Alarid) = H f_ ff (m) s(m +
n(m where rf(m Ts ‘an NRxlI vector with NR recelved synbols obtained via the

NR receive antenpas in transn ssi Qn..span, n i S a noi vectQr for
transni ssi otn fspan%;}'f %ﬁ&%ﬁ‘sﬁz%‘w%& Wa'céﬂs’gﬁ?g?srﬁﬁ%??w%ﬁg! _
response matrix observe g fé’e?‘fﬂgésﬂgs Qb f el 2 ra? ssion
W th steeringtransm’ty f tPé’F?f}r,- i ©h : 59?5}%": géf (m .
Eq (5) For sinplicitysvdefl&, #8icB%:i S assunmed to be additive white Gaussian
noise (AWGN) with a zero an vector and a covariance matrix of ry = a2 1,
where 6Z is the variance of .nn the noise and | is the identity matri x.

100271 The recei vHpgybm+BmyB(m)e¥Gner the data synbols in s(m Ee(lg
vari ous receiver processing techniques. The techni ques applicable for
full-CSI transm_ssjion include a full-CSI technique and a_ m ninoum nmean

squar e er r or Fenimplicityethesiotsa ds asswedip hegdditive white Gapssiannoise(ANGN) wib
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the noise and I is the identity matrix.

[0027] The receiving entity can recover the data symbols in s{m) using various receiver

processing techniques. The techniques applicable for full-CSI transmission include a
full-CSI technique and a2 minimum mean square etror (MMSE) technique.
[0028] For the full-CSI technique, the receiving entity may derive a spatial filter matrix

M ..(m) as follows:
M, (m)= X" (m)-A” (m)-E" (m)-H" (m) . Eq (6)
The receiving entity may perform receiver spatial processing using M ..,(m), as follows:

Sfcsi(m) = _M..fc:t(m) '.!.:f (m) s
=V (m)- A (m)-E” (m)-H” (m)-[H(m)-E(m) - V(m)-s(m) +n(m)] , Eq(7)

=s(m)+n,(m) ,

where §;,(m) is an N x1 vector with N detected data symbols; and

n,(m) is the post-detection noise after the receiver spatial processing.

[0029] For the MMSE technique, the receiving entity may derive a spatial filter matrix

M, .. (m) as follows:

M, () =(H] o(m)-H,  (m)+0*- 1] -HY ;(m) . Eq (8)



The receiving entity may performreceiver spatial processing using Mf" (m,
as follows: Sfai(m) =Mwmrf(m =VH(mM A" (m EHmM HH(mM [ H(mM
E(CMV(Ms(mM+n(mM] , Eq(7) =s(m+nf(nm) , where sfpi (m is an N x 1 vector
with Ns detected data synbols; and uf (m is the post-detection noise after
the receiver spatial processing. [0029] For the MMSE techni que, the
receiving entity may derive a spatial figter matrix M .., (m as follows:
M,nm. (M =Mf_f (m $f _.9(mM +a2~" Hf ,ff (mM Eq (8 8 The
spatial filter matrix M nmbe(n) mnimzes the nean square error between the
synbol est i nafigssphfidlnfiltdt an@fatMa| . f () afinifichs the niai aquysrbnbsbitwea( th.

[ 0030] The receiving entity may perform MVMSE spatial processing, as follows:
(077 S () T B (0 =Bt e(m ML gty e i« (1 S( g ént_rm e(

's +n , Eq = mm e ' m e(m' ,(m's +nf _mm e >
wher e DI#030im e ( nhe rgceiving sutity maypaxfenmMMYE snafiplnyocentng)ad FHOYS el ement s of
M_mme(m'H _qg(m, or Df mMme(m=ding [M mme(m'H _~ff (mM]; and n-f
nmmwe(m is the MVBE filtered;noise.. The nbo) .estimates fromthe spati al
filter Mf nme (Mmar®ur m&@éﬁfew 'gr)é{éé")of the data symbols. The
multiplication with the scaling matrix QL(n) provides nornalized estinmates

of the data symbols. [003HDFull@QM tratmhiHEsipmastdnm@)ko senBadta on

t he ei gennodes of H(m. However, a full-CSI data transm ssion nay not be

conpl etely orthogonal due_tg; f Jexa RN _(RP]UEECH %,?,E(W te of H(m,
error in the eigenval ue dec“oﬁp“”ﬁgl;ni)iﬁr{:"wlbﬁ)i t"e("fg??t'%rr);tpl*’é‘ preci sion, and so
on. The MMBE techni que can account for (or "clean up") any |oss of

orthogonal i t whire Dhe f gh isediaghabiomittin 0smhifimk @i didddAaloleniedd ¢ | sunmari zes

mas:

the spatial processing at the transmtting and receiving entities for
full-CSl transni ssi ou W5 0npBEEL MY, drBNSi(n) Hidigr I} Y5, (m)-H, o (m)]; and

B, ,(m) is the MMSE filtered noise.

The symbol estimates from the spatial filter M, .. (m) are unnormalized estimates of -
the data symbols. The multiplication with the scaling matrix D, ,,.(m) provides

normalized estimates of the data symbols.

[0031] Full-CSI transmission attempts to send data on the eigenmodes of H(m).
However, a full-CSI data transmission may not be completely orthogonal due to, for
example, an imperfect estimate of H(m), error in the eigenvalue decomposition, finite
arithmetic precision, and so on. The MMSE technique can account for (or “clean up”)
any loss of orthogonality in the full-CSI data transmission.

{0032] Table 1 summarizes the spatial processing at the transmitting and receiving

entities for full-CSI transmission with steering transmit diversity.

Table 1
Entity Calibrated Mode - Full-CSI Transmission
. Spatial
=F(m)- . P
Transmitter | X,(m)=E(m)-V(m)-s(m) Processing

H, ,.(m)=H(m)-E(m)-V(m) Effective

T ST~ | Channel

Receiver —VH Y. Ay B E oy T H Spatial




Table I Entity Calibrated Mbde - Full-CSI Transm ssion Transmtter x f (nm) =
E(m V(m s(m Spatial Processing H e(m=HmME(mMV(m Effective Channel
Receiver Mm=VX x x Spatial full-Csl f"i () (m A(mM E(mM H(mM Filter

Matrix 9 sf.,,(m=M i(mrf(m Spatial Processing Mf ...,. (m =1L e
(M. Hf'ff (m +62 1] HTf (m Spatial Receiver Df dlag LMm HmM]
Filter Matrix MVBE J ..... () f_...,. (of ~C 1 f_,...,. (m = Pi_m, (rr)

M _..(m) r f (m Spatial Processing 2. Uncalibrated Mde - Parti al -
Transm ssion [0033] For partial-CSI transm ssion with steeri ng transmt
diversity, [The transmptting entity pertorns spatlal proCess oWs:

xP (M = V(M -s(m | Eg@)eMybmre el (M) is the transmit :1 vectO' for

transm ssido_span m_As shown in eauat ion (1m each_data s OFeSi“Rg m is

spatially gpread with) ggres L UEn WV, —IT pread synbpl s
S SSRETLIHS SONED, 250 1T S P

resul ting flromthe nu aret L TR t edpatigl o t he

f
NT transnit] aRe@iweRs. | pl034},yth i Vi 80t i topypbt ai ns 1 ef EilieeMaiznpol s,
which may He eymsgssed 4 m’tm)P(ﬁiaé% m) *ﬂg(rﬁ)PH(rﬁ Vmis(m+n(m|, Eq
g
g

(11) =HP (n)-s(n)+nFm where 1P (rp)ls the recei \Sed symbol | vegpgial f of

transm ssi dqn span m rnsa (M) = Dy pnse () M p e () X (m Processing

2. Uncalibrated Mode — Partial-CS1 Transmission

[0033] For partial-CSI transmission with steering transmit diversity, the transmitting
entity performs spatial processing as follows:

X,(m)=Y¥(m)-s(m) , Eq (10)

where x,(m) is the transmit data vector for transmission span m. As shown in equation
(10), each data symbol in s$(m) is spatially spread with a respective column of V(m).
The Ny spread symbols resulting from the multiplication with V(m) are then transmitted

from the Ny transmit antennas.
[0034] The receiving entity obtains received symbols, which may be expressed as:

r,(m) =H(m)-x,(m)+n(m)=H(m) V(m)-s(m)+n(m) ,
Eq(11)

=H, g(m)-s(m)+n(m) ,
where r,(m) is the received symbol vector for transmission span m; and
H, ,(m) isan Ny xN; effective MIMO channel response matrix observed by

s(m) for partial-CSI transmission with steering transmit diversity, which is:
H, 5(m)=H(m)-V(m) . Eq (12)

[0035] The receiving entity can recover the data symbols in 8(m) using various receiver

processing techniques. The techniques applicable for partial-CSI transmission include a

channe] correlation matrix inversion (CCMI) technique (which is also commonly called



Hbo , (m is an NR x NT effective M MO channel response matrix observed by
s(m for partial-CSI transm ssion with steering transmt diversity, which
is: 1P _.ff (M =F(mMm V(M Eq (12) [0035] The receiving entity can
recover the data synbols in s(m using various receiver processing

techni ques. The techniques applicable for partial-CSI transm ssion include a
channel correlation matrix inversion (CGd ) technique (which is also
commonly called 10 a zero-forcing technique), the MVBE technique, and a
successive interference cancellation (SIC) technique. [00361 For the CCM

techni que, t bezdi'@—ﬁﬁbiﬁg N@cigque),y tHMMSEi wehdiqe)adridala fudcessivemitérforenchlCC

,(m, as foll ows; éaH p_eft(m . Eq(13)
l\/t:cm(r‘r) =Lp_ CWHBNPH(I jechmigpe. of f (r’r) =RPl The receiving entity nay perform

CCM sp proc o iy iy ideR)¢ R 6patiaF Riter matri
(MH 3‘5“?% I‘?‘%’ %I#ﬂntférﬂd‘ﬁ ‘2"41E4§“)1"\ﬂEE —s(n)ﬂ%hm(n') Wher e no(m is

t he CCM fllﬂ\egc,,g(in)r)asﬁﬂlowajetothe structure of R ,(m, the CCM

technique may anplify the noise. [0037] For the MVBE. techni gue, the

receiving entity my derlveaspatlal fllter mat ri x 1SC(m), as follows:

Mp mm e(m) =[ H , (MMLE(OMELT ) B, Gulli) H,_ EQ"I%E;IWEq)Jﬂa gﬂ‘lm 15§¥qfI3) the

partial -CSI transm ssion has the sane form as equatlon (8) for the full-Csl
transm ssion. However, Hp (m (instead of Hf eff r’r)f) is used in equation
(15) for parffhﬁIm%mgFB@HmY%Ff@ﬂncFW%@ﬂh@W%@&ﬂﬁlﬁ Bhtity may perform
MVBE spatial processing, as follows: sp mme(nm) =Dp'nmmre(m' M nmme(mr,(m

Eq (16)  =Dp" mye(gly My 5ty ef f (m s(m+np mm e(m
=R, s (m)-H; ;(m)-[H, 5(m)-s(m)+n(m)] , Eq(14)

=8(m) + By (m) ,

where n_,(m) is the CCMI filtered noise. Due to the structure of R, -(m), the

CCMI technique may amplify the noise.
[0037] For the MMSE technique, the receiving entity may derive a spatial filter matrix

M, ,...(m), as follows:

M, () =[H,_y(m)-H, (m)+0* 117 -H, (m) . Eq (15)

Equation (15) for the partial-CSI transmission has the same form as equation (8) for the
full-CSI transmission. However, H, .- (m) (instead of H, . (m)) is used in equation
(15) for partial-CSI transmission.

[0038] The receiving entity may perform MMSE spatial processing, as follows:

gp_mme (m) = D;T_mm.re (m) ' Mp_mmle(m) 'Ip (m) )

Eq (16)
=D. e (1) M, e (M) H, () -S(m) + B, ()

where D, . (m)=diag [M, ,..(m)-H, ,(m)] and n, ,.(m) is the MMSE
filtered noise for partial-CSI transmission.

[0039] For the SIC technique, the receiving entity recovers the data symbols in s(m) in

successive stages. For clarity, the following description assumes that each element of



where Dp mme(m = diag [Mo mnmms(m) Il peff(m] and n,-..(m is the MVBE
filtered noise for partial-CSI transm ssion. [0039] For the SIC technique,

. the receiving entity recovers the data synbols in s(m in successive
stages. For clarity, the follow ng description assunes that each el enent of
11 s(m and each elenent of rp(m corresponds to one data synbol stream
The receiving entity processes the NR rlgcei ved synbol streanms in rp(m in
Ns successive stages to recover the Ns data synbol streans in s(m .
Typically, the SIC processing is such that one packet is recovered for one
stream and n g%a,'e eRREK | { t SRR SO on.
For sinpli ci%‘ , taﬁd; 0 IElovm ngggg§§?¥ Scf[éfl'o oggssagngge%: .bOE00401' Fg‘irigeach
stage , wh Bo5 kit hen i\ ' s [NECEI e Spati al
processi ng g‘ﬁ?eﬁg"?%%% p%soef strgégérerzgiv)r% wfitg{rﬂmtﬁ{%‘tqage. %ﬁﬂcﬁyﬁ%ﬁ synbol
streans for | = t}elg@sr- Y olp)
ro(rr):rp(rr).é%ﬁgd{eén%vf?hgg?@rﬁo%ﬁfﬁtrggﬁs oﬁgg}é)ﬁegﬂ%g%%ggﬁ?q%?gdggss( 'z 2

Ns) are nodi fuck thss wiidpicketsis reanered forrona spéame, eat Nlgensinager padket i ecvovered
spatial processing for stage | is baseq on, a spgé'ial. filter matrix Ms(m,
whi ch may beloAnptigr e fAgs0a ORe AT UMBRGIRe the dollovting, deseripeth 44 hat r i x
Ho gy(m andN‘ urfther in accordance with the CCM, MVBE, or sone other
techni que. Hp*C(njJ  contains Ns-2+1 colums in Hp gy(n) corresponding to

NS-2+1 g@?@ Sy”bofl‘orﬁaéaﬂ? e WOlyiied ALLOVRT Cthel i&f«?fd?geenﬁﬁ iftms T8G&RieyY | NY

entity ins one detectéd data symbol” stteam for "stage 2 and further
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spati al

channe] response matrix ﬂ;_,ﬁr (m) and further in accordance with the CCMI, MMSE,

or some other technique. B_j_,ﬁr(m) contains Ng—£+1 columns in H, . (m)
corresponding to Ng—£+1 data symbol streams not yet recovered in stage £. The
receiving entity obtains one detected data symbol stream {5,} for stage £ and further
processes (e.g., demodulates, deinterleaves, and decodes) this stream to obtain a
corresponding decoded data stream {3 -

[0041} The receiving entity next estimates the interference that data symbol stream {s,}

. causes to the other data symbol streams not yet recovered. To estimate the interference,

the receiving entity processes (e.g., re-encodes, interleaves, and symbol maps) the
decoded data stream {3 .} in the same manner performed by the transmitting entity for
this stream and obtains a stream of “remodulated” symbols {5,}, which is an estimate of
the data symbol stream {s,} just recovered. The receiving entity then performs spatial
processing on the remodulated symbol stream with steering matrices V(m) and further
multiplies the result with channel response matrices H(m) to obtain Ny interference

components i‘(m) caused by stream {s,}. The receiving entity then subiracts the Ny



processing on the renodul ated synbol streamw th steering matrices V(n) and
further multiplies the result wth channel response matrices Hm to obtain
NR interference conponents i (n) caused by stream{s,}. The receiving
entity then subtracts the NR 12 interference conponents it(n) fromthe NR

I nput synbol streans r,(n) for the current stage to obtain NR input synbol
streans rp' (n) for the next stage, or rip+ (M =rP (mM - i (mM . The

i nput symbol streans rp+ (nm represent the streans that the receiving
entity would have received if the data synbol stream {s,} had not been

transm tted, ;ASfHcB TopdpBhentd1§ ()l BbMCHRNGE AR SFhivdl sQBnAT: Gh) 96t tnke! ¥

performed. The receiving entity then repeats thé same procedsi’ng on the NR

TP, P VT M 5, SR 00, B S8 UL 1
e o B3PS S e 51 PRl B HSSelBi,
syl oL can L SeRendonty OB AA) rldiedlPES AR BROFSERRTS.) SRR Lt
Syl 1 ea L5 SE Btk o Pk %e Ry LSS L 1P

progressi vel yeceiiligosftily ftih ®#ptas Menhle filob&SINE oneheVEE Gaput symbbe sr@fmeges
because the interference fromdata synbol streanms recovered in prior stages
i s cancel ed. £ tomepvertranthat datastivagh Eowentrethe effetsivewhamhel respaiss matsixnbol
streans recovered in |later stages. 10043] Table 2 sunmarizes the spati al
processi ng atl}'hem) fartaerbibséqugntaige 1/ceis védaged BNéretdotnd etirepintiinglto S|
transm ssion wth steering transmt diversity. For sinplicity, the SIC

t echni que i s dn@kyabdlWhednd {d, 3t veted Tdtdge £ Entity Uncal i brated Mde -

Partial -CSI Transm ssion Transmitter x, (m= 1(ms(n) Spatial Processing
U(m =HI®MA m Ef Ferche SEC Eobmigad, the SNR of each data symbol stream is dependent on (1)

the receiver processing technique (e.g., CCMI or MMSE) used for each stage, (2) the

specific stage in which the data symbol stream is recovered, and (3) the amount of
interference due to the data symbol streams recovered in later stages. In general, the
SNR progressively improves for data symbol streams recovered in later stages because
the interference from data symbo!l streams recovered in prior stages is canceled. This
may then allow higher rates to be used for data symbol streams recovered in later stages.

[0043] Table 2 summarizes the spatial processing at the transmitting and receiving
entities for partial-CSI transmission with steering transmit diversity. For simplicity, the
SIC technique is not shown in Table 2.

Table 2
Entity Unecalibrated Mode - Partial-CSI Transmission
Transmitter | %, ()= Y(m)-s(m) e
H, o (m)=H(m)-¥(m) Aoctive
Receiver M ()= Lﬂf g (7B, g (m)] - 'H"‘I:-’f () Fﬂgﬁfm
s




M., (tn)=[ ~(MHp(mM1-' ,HP gy(m Spatial Receiver Filter Matrix CCM
gem{(m r(jn)'rP(m Spatial Processing 13 M mme(m=[Ha ,(m' HP
gy(m+Q I 1-'-Of Spatial Receiver DP (m) =ding W_... (m H gy (m]
Filter Matrix MVBE -mme ipmm(n) = Dp' mmae(m' Mp_mm.(m) 'r, (m Spatial
Processing [0044] FIG 2 shows a nodel for data transm ssion with steering
transmt diversity. Transmtting entitw3ll0 perforns spatial processing (or
spatial spreading) for steering transmt diversity (block 220) and spati al
processing for either full-CSl or partial-CSI transm ssion (block 230).

Receiving gntity 150 fo IV at ) al j;n for full-CS or
partial - %SI tra%sm’ sspﬁr E’glkﬁéﬁ @ngp i \fg{ g-e i rjoceSmatialy ( pr
spatial degpr Eng) f | ns ty (bI ock 2Filier MAfixS hown
in FIG 2, th%i%ls%gnsnﬁﬂ @"en‘i}% Y ntf?)nﬁfgﬁ spr eadi ng for stepring
transmt dijversity prjor to the _spatial processi ng (1t any)| f CSI

anﬂ -
and partiall-CSl transpd,ssi.de) = ‘D}emg,éc)?lM) Rg.(Mm,{my may perfo q;
conplementdry receiver spatial processing for full-CSI or pl r'r )

transm ssion foll owed by spati al despr eadi ng for steering transmit

di ver si ter

transm El%a‘“ver si ?@fé ?ii f @adfse%tm léféorr :aﬁlg mgﬁéggqvﬁngé%f%e@%*gg

di fferent tr Inmsmithgentityabd perfortnd rspatisl pﬁ)cbd%mge(bf mm:m/q:rwdh@) ddresteveing
observed by a data tran S| hi s then | man i nce
the data traHW%&BW‘%%@%“M?GﬁF oqgsalag ﬁ’é‘nﬁ%{ @&?q‘i;ﬁl on for
an ext ended H%shﬁ&di‘nf(biohmw) ﬁb@m%é@ﬁﬁ%%ﬂ@&f&ﬁﬁ%cemysﬁaﬁwﬁé&@ﬁﬁ‘gf& synbol
periods for a single-carrier MMO System or subbands for a nulti-carrier

M MO system fL[Ue@%Pr putal-G3 QMSsmnp@piqckazﬁﬂh:snd treqgiveispatiab pragessings{oser i ng
transmt divg pg@’%@&e@fﬁ‘a sge%ggg Gl i RNR 258 Aot BisFRY SIAD the

transmi ssi on™
transmitting entity performs spatial spreading for steering transmit diversity prior to the

spatial processing (if any) for full-CSI and partial-CSI transmission. The receiving
entity may perform the complementary receiver spatial processing for full-CSI or
partial-CSI transmission followed by spatial despreading for steering transmit diversity.

3. Spatial Filter Matrix Computation |

[0045] With steering transmit diversity, different steering matrices V(m) may be used
for different transmission spans to randomize the effective MIMO channel observed by
a data transmission. This may then improve performance since the data transmission
does not observe a “bad” MIMO channel realization for an extended period of time.
The transmission spans may correspond to symbol periods for a single-carrier MIMO
system or subbands for a multi-carrier MIMO system.

[0046] FIG. 3A shows a partial-CSI transmission with steering transmit diversity for a
single-carrier MIMO system. For this system, the transmission span index m may be
equal to a symbol period index # (or m =r). One vector s(n) of data symbols may be
transmitted in each symbol period » and spatially spread with a steering matrix V()
selected for that symbol period. Each data symbol vector $(n) observes an effective
MIMO channel response of H, -(n)=H(n)-V(n) and is recovered using a spatial
filter matrix M_(n).

[0047} FIG. 3B shows a partial-CSI transmission with steering transmit diversity in a

multi-carrier MIMO system. For this system, the transmission span index m may be



equal to a synbol period index n (or m= n). One vector s(n) of data synbols
may be transmtted in each synbol period n and spatially spread with a
steering matrix V(n) selected for that synmbol period. Each data synbol
vector s(n) observes an effective M MO channel response of Rp ., (n) = H(n)
V(n) and is recovered using a spatial filter matrix M (n). [0047] FIG 3B
shows a partial-CSI transm ssion with stigering transmt diversity in a
multi-carrier MMDO system For this system the transm ssion span i ndex m
may be 14 equal to a subband index k (or m= k ). For each synbol period,

one vector sl @fa siBbad SIS mEY). biforleh @ \SHtibb] SdioiNoRAebrof ity aidaty and

spatially spread wwth a steering matrix V(k) selected for that subband.
Each dat a sysphabolymeyde tsdnepitedsiereacts sebband #f andt spaeally dfteadhwithal steegigponse of
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H(k) mayodae) f i xedAaGhess id HES. GA enbBBNUSdiffertnt dtebtigd niabiien Grdviubdd fopannel
with a flat frequency response. As another_exanple, in_ a single-carrier

M MO syst em differsnt reRsmiwsion spaws, i theaspghia) dilfer mawicps sed by the fpergng D
channel Wi th a0y bHHGH 3 @ thdlhniscldl ShehiflBod A CTHR!is R &RR"ERRCATIAG al | or

a portion of the time duration usedto transmt a data synbol s
that is codee:spride nihtt:0dBOh)ak fixed @alonstdfi 4O a Aarthe fateansission rsparat | Kop
typically exists between the channel response matrices for adjacent
transm ssi onexapaps in @ mplti-ciysienMEMO-{ystema d(£) B(aybe. fixeh iagroesos setpasubbandsnmay be

e T L il Bt b S Bl
full-correl ayige RferPAMoPkystet, "B(A! 1 be fixed over a given time interval for a

MIMO channel with no temporal fading. This time interval may correspond to all or a
portion of the time duration used to transmit a block of data symbols that is coded and
decoded as a block.

[0049] A degree of correlation typically exists between the channel response matrices
for adjacent transmission spans, e.g., between H(m) and H(m=*1). This correlation
may be exploited to simplify the computation for the spatial filter matrices at the
receiving entity. The computation is described below for two cases — full-correlation

and partial-correlation.

A, Full Correlation
[0050] With full-correlation, the channel response matrix for the MIMO channel is
fixed over a range of transmission span indices of interest, e.g., for m=1 ... M, where
M may be any integer value greater than one. Thus, H(1)=H(2)=...=HM)=H.
[0051] For the full-CSI technique, the spatial filter matrix M,.(m) with fully

correlated channel response matrices may be expressed as:
M (m)=Y"(m)-A"-E" -H" . Eq (17)

The spatial filter matrix M .;(m) may then be computed as:



A. Full Correlation [0050] Wth full-correlation, the channel response
matrix for the M MO channel is fixed over a range of transm ssion span

. indices of interest, e.g., for m=1 ... M where Mnmay be any integer val ue
greater than one. Thus, 11(1) =11(2) = ... = HM = H [0051] For the
full-CSI technique, the spatial filter matrix Mf,,,(m wth fully

correl ated channel response nmatrices nmaylde expressed as:
Mar(m=VN(mA-'EHHH . EQq(17) The spatial filter matrix Mfa,(m may then be

conputed as: 15 I\/f,,r(rr) =V H-n)Me, 1 me , for m1 ... M Eq(18) where M
fnr_ba,e -A-' EHyH 7o sp[spatlal filtergeppiLi X, Mphich is t ati al
filter matrix for ¥t ebfﬁTI K'e€hhi que wi t hout steering trans E?I%@

diversity. The base spatial filter matrix MfClr_60e is not a function of

transm ssi onwﬁ%&\lm beca Ix‘ngt]f?%mspatl aﬁﬁma%mt&mé%ﬁ thésga ter

Equation (18) ter matrix or each

transm ssi onpg oFlHE%]lQSSIQP&hﬂ! '&@%ﬂﬁuﬂ%& 't:rahd?ﬁﬁ’liﬂ@rsit?e’ﬂﬁ@%@se spRdl i al

filter matrix a aa,e wth esteerlngnarlx H (m used for that
t ransm ssi onfitgramatrikOBB2] ,,,Ali¢ @oinafinctbry pf tramsnsgsiin spanfz [Heesusertiter chanddl, (M)
may be conputed as: Mal(mM=W(mM& (1) , for m2 ... M Eq(19) where

M CS1( 1) =VH( fiesponist-ihatamn dH Ws( fixedVHBEqhatioh ) (18 Edndidates nthét1 @ spatidi Glédramatrinat t he
spatial filter matrix Mfell(m for each transm ssion span m my be

obt ai ned by Mp«(ml for ghchi mapsmissionsnen s mpy be @bmmﬂrmmﬂmlmgﬂm base
transm ssion span 1 wth the matrix W (m) . The matrices W(m, for m= 2
.. M, are wptitlafitterrahatiized ., gaclwithf thehistebrings mditiai VDY used tt'mpltbfdtng t wo
unltary steering matrices V(r‘r{ and V(1) . The matrices W (nm) may be

pr e- conput edtramsthisstonrspan.i n a rrermry [ 0053] For the MVBE technique for

full-CSl t i filt t f 1111 158 th

fﬂ| ly C 9052 o ;ndslghﬂﬁﬂiéﬁ ely, @%gmﬂzﬁlﬁ%% ”))t(fﬁay a5: (m)M Wlm"n a (m
[Hfff (M 19f f (m +021] - Hf ~

=LH(m) EHHHHEV( ) ey Y5 Eq(20) for m=2 ..M, Eq (19)

where M, ()=V"()-A™-E*-H" and W,(m)=¥"(m)-¥(1). Equation (19)
indicates that the spatial filter matrix M ,,(m) for each transmission span m may be
obtained by pre-multiplying the spatial filter matrix M_,;(1) for transmission span 1
with the matrix W, (m). The matrices W,(m), for m=2 ... M, are unitary matrices,
each of which is obtained by multiplying two unitary steering matrices V(m) and
¥(1). The matrices W,(m) may be pre-computed and stored in a memory.

[0053] For the MMSE technique for full-CSI transmission, the spatial filter matrix

M, ...(m) with fully correlated channel response matrices may be expressed as:

M, () "‘[Hf agm)H, eﬁ(m)+0- -n7-H H, e_ﬁ'(m)
=[V¥(m)-E" -H" -H-E-V(m)+o*-I]"-V'(m)-E* -H” , Eq(20)

=Eﬁ(m).|E_”.gH.g_E+O.2 _11-1 'EH _HH .

Equation (20) is derived using the propertics: (A-B)'=B™-A™ and V. V” =1. The
term within bracket in the second equality in equation (20) may be expressed as:



=VH(m FE' HHHE+621]-' EHHH Equation (20) is derived using the properties: (A
A-" =B' A'" and V. VH=1 The termwthin bracket in the second
equality in equation (20) rmay be expressed as: 16 [V'E'H' HEV+a'l]
=[V'(E'"H'HE+0' VI")V] =[V'(E"'-H HE+02 j) V] where "(n)" has been onitted for
clarity. The inverse of the termin the second equality above may then be
expressed as: [V'&" Hg HE+0'l)V]-'=[V'LEgH HE+0',-"V] , where V' = V-1

[ 00541 The spatial filter matrix M rmSe?rr) may be conputed as: M
comae(rr):\/'(rr)l\/f _mmae_base , for mel ... M Eq(21) wher er

??cﬁﬁibgﬁg :t he sp[i #ftgrgrpllgl"lg x!]l\/f'[n'?f/‘ﬂjg(n#s:‘ lf'ggng%t ipan m may

be obtained by pre-nultiplying the base spatial, filter mat r i x Mf milre
bate with the steering mtrix V' (n) .=MhdEpEi-H B+ofd)-¥herix Mf mte
(m may al so be conputed as: M mBe( —A (n)lvf mmae(l) , for m2 ... M

Fggﬁﬁi)qu\éme[ﬁ]éel\% g?‘ggﬁ’g%)bﬁneg’mi@?waa A (Trl?f Wﬁ#?‘ﬁﬁg]te%rl?éﬁ%tsg’a channel
response mat%dn)g?@ %‘%‘ﬁé‘fwﬁﬁ’%ﬁs‘“ I\/Ue (m —[p e8(rr) R _, ff (Er)n% RpR gy(rr)

L"(m'H HV V(n)] Vim . H Eq(23) V _
vi(m ]+ VI (y").HY 17 where LV (m] V(m because V(m is a unitary
MRt rix. [0056] Th[e]’é(@’tlﬂi’! Higtef- Wlxmﬁ@ (0 - Heg +otup)b&]gonput ed as:
IMeenr (M) = VH (m _ Meanr ba.e , for nFl ... MEq (24)
where V¥ =V,
[0054] The spatial filter matrix M, . (m) may be computed as:
My e (1) = Y (1) My e sese » form=1.. M, Eq (21)

whete M, e e =[E” -H* -H-E+0*-1]7-E¥ .H".  Similar to the full-CSI
technique, the spatial filter matrix M, ,,,(m) for transmission span m may be

obtained by pre-multiplying the base spatial filter matrix M, ... .. With the steering

matrix V” (m). The spatial filter matrix M +_mmse (M) May also be computed as:
Mj‘_mme (m) = lv.l (m) °M_f_mme(1) 2 fOI' m= 2 e M L] Eq (22)

where M, ., ()=V"()-[E"-B" H-E+o*-[]"-E” -H".
[0055] For the CCMI technique, the spatial filter matrix M_,,,(r) with fully correlated
channel response matrices may be expressed as:
M.i(m) =[H, 50m)-H, ;(m)]™ -H; ,(m) ,
=V (m)-B" -H-Y(m)] ™ -¥" (m)- H”
=[V*(m)-R-¥(m)] - Y (m)-H , Eq (23)
=¥ 7(m)-R7 [V (m)]™ ¥V (m)-H"

=¥'(m)-R™-H"



where M.1 ba.e = R-'" HH . The spatial filter matrix MCel, (m may also
be conmputed as: MGLL; (M =W (m MeCn,; (1) , for mr2 ... M Eq(25) where M
M =VH(l) R-" HH. [0057] For the MVBE technique for partial -

transm ssion, the spatial filter matrix M ,nnBSe(nm) with fully correl ated
channel response matrices may be expressed as: M-.. (m =L,"_f(mH,,
(m+cl1l n" /(M =LH(mM HHHV(m) +v1l]-'VIfmHH , Eq (26) =VH(m)LHH H+a'1l
I]-'" HH Equation (26) may be derived in simlar manner as equation (20)
above. [0058] The spatial filter matrix M _..,(n) my be conputed as:

Mo_m, e(m) = ¥héde (WFR)] 1= ¥ udeOV (iYik d#x (27) where M _mmse_bQle
= [HH H+ 61 a(["_ IMFQI—IH ﬁzﬁg%ogtla"l"('ﬂ:l taeuglmnlg'ltnrllx MD ,nnme(m rmay al so be

conput efoss): M nTiecspatal ilter mthip __M_Q,ﬁer(n)L)nayﬂfmbemnﬂputedadvl Eq(28) where M
m.e(1)=VH(1). [HH H+ U2. 1] ' .HH [0059] Table 3 summarizes the conputation
for the spatial filter matrlcesfor full-CSI and partial-CSI transm ssions

with fully correl Megdm)dhes)- Mspanse natri cder wel ... Mansni ssi oBg &dans in
=1 ... M. Table 3 - Spatial Filter Matrices with FuII Correl ation 18 Mbde
Spatial Filter Matrix Techni que Mar bale =A' EH . HH , and Full - CSI

Med(m = YX whdre Nﬁc,gqﬂpam‘hll - Ché spdtialnfittee nfASixSM._L, (Wbiiay(#sd Be-domphtdd-asiH and
MMSE MM ,e ae e(m =Yx (m) Mf _mme_bese 1

.Mccmi(m) = EI (m) '.M_cmi (1) 2 for m= 2 b M E I Eq (25)

where M,,,() =¥*(1)-R"-H".
[0057] For the MMSE technique for partial-CSI transmission, the spatial filter matrix

M, ... (m) with fully correlated channel response matrices may be expressed as:

Mp_mm.n(m) = [_ e_ﬂ'(m) ==p eﬁ'(m) + 0' I] *. ef(m) H]
=[V*(m)-B" -H-V(m)+o*-1]" -V (m)-H" , Eq (26)
=V (m)-@"-B+o*-0"-H" |
Equation (26) may be derived in similar manner as equation (20) above.
[0058] The spatial filter matrix M, .. (m) may be computed as:

Mp,mme (m) = .Y.H (m) 'Mp_mm:e_base 2 form=1.. M, Eq (27)

where M, e e =[H" -H+0* 117 -H". The spatial filter matrix M, ,,.,(m)

may also be computed as:

Mp_,mm:(m) = El('n) ‘ _.M_p_mmse(l) ] fOI' m= 2 e M ¥ Eq (28)

where M, ,..()=V?)-[H* - H+o*-1]"-H”.

[0059] Table 3 summarizes the computation for the spatial filter matrices for full-CSI
and partial-CSI transmissions with fully correlated channel response matrices over

transtission spans m=1 ... M.

Table 3 — Spatial Filter Matrices with Full Correlation



Meanr beae = RX - Hand CCM H Mnr(m=Y (m Meem base Partial-CSI H 2 ]
H=Lu. H+ Q-11- H>and M_mre bnie ~~H MMSE M _mme(m=Y H(mM' M
. me.,e_ane 100601 In general, the spatial filter matrix for transm ssion span
m may be conputed as Ms(m =VH(m) Mk by," where the subscript "x" denotes the
recei ver processing technique and may be fcst"', “f nmse", 'ccm "', or
“p_mse". The base spatial filter matripg MK bete may be conputed as if
steering transmt diversity was not used. [0061] FIG 4 shows a flow di agram
of a process 400 to conpute spatial filter matrices wth fully correl ated
channel respon ces over tr M sm=1... M njtial
spatial fil ModE, -M<—-,-e S ?’P?@lﬁlﬂm“? bl-ock-412) T'E‘Chﬁnlule I al
spatial filter BY bej{'hq;’b@*é saaatlal fllter matr|> Mk b8,8 that is
derived basg¢d on (1) tﬁ' “Channel” response matrix H and (2) t hRiliLEsIel yer
' ' sMe{q%gd\ﬂq;,,) Mg" , full-CSlI, MVSE for full}CSl,

]

CCM, or At eriy velv the initial spatial f)lter
matri x may be t e spaf pp flltgr Hi ( -OrpH g S sijon span m =1,
whi ch may be¢ derived basfed’"‘e?‘i”HLamgﬂV(%M+ B%Z]ETh%mfiggﬁsrnw sppn

I ndex mis then set togillf I\/ktj I\ﬂwﬁ658(as shown in I ?Eor set to
20 f M 8i1f = Mo(1) [ Mioekeaa @)= ¥n@LMe g see | tor matrix |NX(m fo

[
transm ssi o span mifk_fhen sed on the initial spatial filfer
matrix Ms ,r and th %@nﬁﬁa%ﬁwm used for transnmi|ssi pap m

D

[

(bl ock 416) ) In partigula MAGM_ nmay be conputed based on|ei M pee8
and V(m or |Nix(1) andMM@ﬂ)—ag (’%I)e%fur bed above. A deternination is fhen
made whet her ParkalifiYIbfock—220—tte J.v
M ==p_mmse_base = [_ _H.. +o I] B and
MMSE

M—p_mme (‘m) = XH (m) ' Mp_mmu_bme

[0060] In general, the spatial filter matrix for transmission span m may be computed as
M, (m)= V7 (m)-M, _sase» Where the subscript “x” denotes the receiver processing
technique and may be “fcsi”, “f_mmse”, “cemi”, or “p_mmse”. The base spatial filter
matrix M, ,,,, may be computed as if steering transmit diversity was not used.

[oo61] FIG. 4 shows a flow diagram of a process 400 fo compute spatial filter matrices
with fully correlated channel response matrices over transmission spans m=1.. M.
An initia] spatial filter matrix M, ,,, is first computed (block 412). This initial spatial
filter matrix may be the base spatial filter matrix M, ,,,, that is derived based on (1) the
channel response matrix H and (2) the receiver processing technique selected for use

(e.g., full-CSI, MMSE for full-CSI, CCMI, or MMSE for partial-CSI). Alternatively,
the initial spatial filter matrix may be the spatial filter matrix M, (1) for transmission

span m =1, which may be derived based on H and V(1).
[0062] The transmission span index m is then set to 1 if M, ,,, =M, ,,, (as shown in

FIG. 4) or setto 2 if M, ., =M, (1) (block 414). The spatial filter matrix M, (m) for

transmission span m is then computed based on the initial spatial filter matrix M, ..

and the steering matrix V(m) used for transmission span m (block 416). In particular,
M, () may be computed based on either M, ,,,, and Y(m) or M (1) and W,(m), as

described above. A determination is then made whether m <M (block 420). If the



answer is “yes, then the index mis increnented (block 422), and the process
returns to block 416 to conpute the spatial filter matrix for another
transm ssion span. G herwise, if m= Min block 420, then the spati al
filter matrices M (1) through M (M are used for receiver spatial
processing of received synbol vectors rx(1) through rx(M, respectively

(bl ock 424). Although not shown in FIG 14 for sinplicity, each spati al
filter matrix may be used for receiver spatial processing as soon as both
the spatial filter matrix M (m is generated and the received synbol

vect or rx(m amwer BOyes thed thd DA63H iFarcrdmented (Bllock ¥22)s mdsthe prcedshretuspdd i al

' t.h 1 tt] tJt I b I nplified : f =
B W g DIRSELPiEomPuk el et maS ot et FBIU AR AL DBETE span m
based on t he;rs} eayiin$1dER UL heA #d shabihl AIRR natrdcdd M BF tRBughSPEIMG AL 4@ matri x

E, which is not a function of transm ssion span™for the Tull" correlation
case. B. Par forakcdiasi pafdli HocdsSiaBAlf Mbdivedoayriball veerd af g?imfbughhf,(m@nnel

response matrices for the MO channel are less than filly correlated
across a rantpepesfivaly fblock 424)onAlthrogh inotislowan f FiGhtde forsimplicity, edchsspatide, a

ial fil y for. i SSi .
Focil trate t Ruerdkfoal BERNGOrfobtind b Pip&Bing de SR e o HEMs Pt ©
transm ssi onpaRBWNm] RQRRirated afdithe FdeeiedBMibol SediGiSE (AP afd dbkaitdd] t er matri X

Mk buse(s) for transmssion span 2 is obtained froma spatial filter matrix
MK( k) cqonesit ed f oFortfnbGSTitewsmissismahe §paligl proeassing aythe iensmitting engityneay i x V( 8)

df t ! j . 1, | M& . (1) = VK E4 (29
e base Spalpabe FFRIGRR A8 &1 o Virdrsim e Arsaatis B wey g sombisd s

tial filt trix.M b, f t 1.SSi . .q., =1). M
By B cadRsR o bk e R SrPEE AT SLBL S b s BREah | {
that it ti | f t, . f t at.i .b" Q0 1 i
o sol ot B e 3R e et s, ST Hplibla Biletltsibn 3had sow ) 1 3

sol ution (e. gyrelARdaRhdeve MVBE al gorithns, gradient algorithm lattice
al gorithns, and so on) are known in the art and not described herein. The

spatial filter matrix M (m) for transm ssion span in may be conputed as: 20
B. Partial Correlation

{0064] With partial-correlation, the channel response matrices for the MIMO channel
are less than fully correlated across a range of transmission span indices of interest. In
this case, a spatial filter matrix computed for a transmission span ¢ may be used to
facilitate the computation of a spatial filter matrix for another transmission span .

[0065] In an embodiment, a base spatial filter matrix M, ,,,(¢) for transmission span
£ is obtained from a spatial filter matrix M_(£) computed for transmission span £ by

removing the steering matrix V() used for transmission span £, as follows:
M, 1) =¥()-M_(2) . Eq (29)

The base spatial filter matrix M, ,,,(¢) is then used to derive a base spatial filter
matrix M, ,,.(m) for transmission span m (e.g., m=£%1). M, ,. . (m) may be
computed, e.g., using an iterative procedure or algorithm that iteratively performs a set
of computations on M, ,,.(£) to obtain a final solution for M, ,,,(m). Iterative

procedures for computing an MMSE solution (e.g., adaptive MMSE algorithms,
gradient algorithm, lattice algorithms, and so on) are known in the art and not described

herein. The spatial filter matrix M_(m) for transmission span m may be computed as:



M(m=YH MM bme(m Eq(30) The processing order for this enbodi nent may
thus be given as: M (2) -*M ba,e(l) M bOle(m -4 M(m, where "-4"
denotes a direct conputation and "=>" denotes possible iterative
conput ati on. The base spatial filter mnmatrices Ms bas(s) and _Mk bede(m do
not contain steering matrices, whereas the spatial filter matrices M. (t)
and M (m contain steering matrices V(tpoand Y(n) wused for transm ssion
spans P and m respectively. [0066] In another enbodi ment, the spati al
filter matrix M (m) for transm ssion span m is conputed using an iterative
procedure that itgr gh)yeym wp; rm) a set of conputations on an Eqy3b) al
guess M (m. The T"nie’{l)i al” équ_s %’agﬁke derived fromthe spati al fi]%({“er)
matrix M (5) derived for transm ssion span 5, as follows: M(mM=W(mM (P)
, Eq(31) wWiElee Yolegsimg" (0dde | Yor Thids prepbedifieny aiayer tHusr heni givenboadt ment
may be given as: M (P)-*1VI (m=t, M(m. The spatiagl filter matrices MX(m
and M (n) bM&DcoMain(Dre Mi eetmirg Ml x WSS edF or ER0le8s ns sHERSt span
in. [0067] For the aboye epbodi nents b,,(t) and M may be . vjewed as
the initialcclpaatign and "=/ damqtes R‘@%‘blﬁggaﬂft"s °H%‘P'r“\‘?;°‘f'héﬂéﬂ?§§ei33fm"flidl r
matrix M(m ew (AT k SSI ty Of
lg];tﬁEesal\f %é‘e))ﬁi;lz gl %Biarg)t ntath GEGG] o ?ﬁfggéa VHESAS tPQ

correl ati on betweem M* Mese ependent amount o

correlation : X : e | S he
anount of co&%ﬁaﬁé %%&%‘@E@)d“@ﬁwwm?w@%%ﬁ%P—'E@@gaﬁ@f and m
A hi gher degﬁs@@f@f&aﬁﬁﬁiggb@gﬂaﬁg‘lgrﬁ&”ﬁwé?ﬂcﬁvélﬂ_ faster convergence to the
final solution for M (P) . [0068] FI 5 shows a flow di agram of a process

500 to #96fiut e spatnetherfemhodmenithe spetial filier mayiar M. &) Jordesmpmissiowepagtvannel
response matyrices for .transn ssion ans m=.1 ... . The.indices for the
Curront and HegmDYPHERE B2 R e Biednatoleratply BeEfOmaS 4 SeLof SHPuIFos 5

(bl ock 512). . 1 i I 'tMVPu. u k.S S span |
in accordanc%ﬁa\\ia\}l§ ?ﬁﬁ %1%13%%%?{}/%%%@%5 néséfrga?%i %egfgeégog&cghggﬁ ?@63:15&&%2 (bl ock
514). An 21 mhfiktN g{g)sﬁﬁ{,é@ﬁor&;ﬁshﬁgsioﬁ%gﬂ X, Mpldwd: or transmi ssion span mis

t hen conmput ed based on

L)

M, (m)=W,(m)-M.(4) , Eq (31)

where W,(m)=V7(m)-V(£). The processing order for this embodiment may be
given as: M. (£) > M_(m)=> M, (m). The spatial filter matrices M,(m) and M, (m)
both contain the steering matrix V(m) used for transmission span m.
[0067) For the above embodiments, M, ,,.(f) and ﬂx(m) may be viewed as the
initial spatial filter matrices used to derive the spatial filter matrix M _(m) for a new
~ transmission span m. In general, the amount of correlation between M_(£) and M. (m)
is dependent on the amount of correlation between M, ., (£) and M, ,...(m), which

is dependent on the amount of correlation between H(¢) and H(m) for transmission
span;s £ and m. A higher degree of correlation may result in faster convergence to the
final solution for M, (¢).

[0068] FIG. 5 shows a flow diagram of a process 500 to compute spatial filter matrices
with partially cotrelated channel response matrices for transmission spans m=1 ... M.
The indices for the current and next transmission spans are initialized as £=1 and
m=2 (block 512). A spatial filter matrix M, (£) is computed for transmission span £

in accordance with the receiver processing technique selected for use (block 514). An



the spatial filter matrix M (1) and the proper steering matrix/ matrices V(2)
and V(m, e.g., as shown in equation (29) or (31) (block 516). The spati al
filter matrix M(n) for transm ssion span mis then conputed based on the
initial spatial filter matrix Ms rya , e.g., using an iterative procedure
(bl ock 518). [0069] A determination is then made whether m < M (bl ock 520).
If the answer is “yes', then the indices 8 and mare updated, e.g., as t
mand m= m +1 (bl ock 522). The process then returns to block 516 to
conpute a spatial filter matrix for another transm ssion span. O herw se,

i f all spatigltiaf kpdtial fiRSHthdtEe MDY FoPLARNERTAWPES m RIhertledrRfuiddREed bn bl ock

520, then the spatial filter rmatTices MAL) through M (M are used for
recei ver spajhkaipatidl RIRS Shatelx OM (£HC ahd/ @b ktedtRip! BEIXI4ttidest ghdrz(M,
respectively (block 524). [007?5][9For si rrg?é?gﬁty, |G 5 shows {_V'Egebu

conput at i on ¥(mM epataé shovn id equatier (393 es (F1Qr(blvtk Sdé)s eThe spatialt filten sumtsxi on
spans m=1 ... M. The transm ssion spans do not need to be contiguous. In
general , a sphi(in) fof transorissiont spag mds ithendcohputedriased andhe dnitia repstipd il | S
used to obtain an initial guess, of a spatial filter matrix for another
transm ssi onMatEMa.m: » GEerEIKasiRrativepeeetire Block H¥dx val ues. 4. Steering

Matrices [00711 A set of steerin trices (or_transmt matrices) may be
gener at W‘L’%lnd usel FeFmInaRTL}s; ﬁﬁﬂ%ﬁ%&’%hﬁ&i@?ﬁqﬁh&e&#‘%m l%/rﬁt rices
maybe denot eqeas i 1Y indibés ¢ faB8 m irs %Pg(atcd( :egg.,‘ﬂe ez@TLmﬁam bR +ANbldck 58 e

greater than“one. Each steering matr V shoul'd be a unitary matrix.
Thi s condi t i Tie prosessdbent tefitrng tebtk did o sompoe o spatial sfitter traatrix fomarotheneous| y

apat val - spr oatRip R SO Sy T AL Salel HREC RRbice? nRE RERT bt 0¥,
gener at ed i Ngat@hiidSinBISHRES R, tHel the fiRer talteicds M §B' 'tua&xgﬁaM,,@Esaremy be

generated based on a unitary base matrix and a sef of scalars. e base

matri x may besedS@credsiverrspatinl ptdeessingsifaedeiveg spmbol veetns T(@) thodudphrr (M),
steering matrices may be generated by multiplying the rows of the base
matri x with respeciyady bl #hat i ons of scalars. Each scalar nmay be any real

or Comjl[(ﬁ)%]22 For simplicity, FIG. 5 shows the computation of M spatial filter matrices for M

consecutive transmission spans m=1 ... M, The transmission spans do not need to be

contiguous. In general, a spatial filter matrix derived for one transmission span £ is
used to obtain an initial guess of a spatial filter matrix for another transmission span m,

where { and m may be any index values.

4. Steering Matrices

[0071] A set of steering matrices (or transmit matrices) may be generated and used for
steering transmit diversity. These steering matrices may be denoted as {V}, or V(i) for
i=1 .. L, where L may be any integer greater than one. Each steering matrix V(i)
should be a unitary matrix. This condition ensures that the Nt data symbols transmitted
simultaneously using V(7) have the same power and are orthogonal to one another after
the spatial spreading with V(i).

[0072] The set of L steering matrices may be generated in various manners. For
example, the L steering matrices may be generated based on a unitary base matrix and a
set of scalars. The base matrix may be used as one of the L steering matrices. The
other L—1 steering matrices may be generated by multiplying the rows of the base

matrix with different combinations of scalars. Each scalar may be any real or complex



val ue. The scalars are selected to have unit nagnitude so that steering
matrices generated wth these scalars are unitary matrices. [0073] The base
matrix may be a Walsh matrix. A 2 x 2 Walsh matrix -W2.2 and a |arger size
Wal sh matrix W2N,, 2N nay be expressed as: r1l 1 W4 2 =[1 -1] and W2Nx2N =
VWAXN WNN Eq (32) WAXN - WNXN WAl sh nmatrices have di mensions that are powers
of two (e.g., 2, 4, 8, and so on). [0074R The base matrix may al so be a
Fourier matrix. For an N x N Fourier matrix DNxN , the elenment dry, in the
n-th row and mth colum of DNxN may be expressed as: -J2 (n-f (m1d,.,,
=e N, forn=fdlue.. [Thanstalafslare. ddectedqio3Bive L magnitudet so thas stekrisg) ynatpear e

di mensi on (e. nay be formed. O her matrices may

- eﬁ ﬁh 4. 5 and so on
al so be usedg%’?af V] @Eseﬁﬁ?l?rﬁge'f’ﬁw “an N x N base matrix, each of
rows 2 kdhz:ﬂuﬁlh N Be §3€ nRASE niIP e X WIRK Rérix| NISRENSRALH athixl WP bHawi th

one of I'fferent possible scalars. KN-" different steering netrices may

be obt ai ned fafgwgi&\walgﬁilﬁgft@xw;m%qh@m ipedRsedek: t he K scalars for N -1
rows. For exanple, each of rows t hrough N nay be independently multiplied

with a scalar of +1, -1, +j, or - j. For N=4 and K = 4, 64 different
steering matrices may[ibe penerated from a [Wx.d b¥gxrmatrix with four

di fferent scal ar sWylyF genle]ral , amhchl’iﬂwuo#[the base ngsrix may bBq (32)

mul tiplied with any scldl ar*“having the form Wra |~ rg¢ B nay be any phase
val ue. Each elenent of a scalar-nultiplied Nx N base matrix is further

scaled by 1 tg.obtain.an N x steering matrix ving ,uni t, power for

each col unn.Waéfg'}%"‘]%‘@?b@ﬁ%%?I}Sid&\l%?e(?gﬁevgﬁbﬁ%gee%’ %%’ g’ PeR%hatrix (or a
4 x 4 Feuprger mat ThexBase Meitex %?tﬁomﬁﬁFbﬁﬁ'ﬁnﬁ.OW@f%%xN fFolitie havg of the
Wal sh matrix are nultiplied with scalars of 1 and j, then each el enent of

a resul tant eertheejementrd,y, inghem-th rowiand m-fh colugin of Dy, mpy begxpreseadas: t he
mul tiplication of an elenent (or "weight") of a spatial filter matrix with
an el ement of the steeri r(lgl(mlatrix may be perforned with just bit

-2 n=1)(m-

d_=e N | forn={..N}and m={1 .. N}. Eq (33)

nom

Fourier matrices of any square dimension (e.g., 2, 3, 4, 5, and so on) may be formed.
Other matrices may also be used as the base matrix.

[0075] For an N xN base matrix, each of rows 2 through N of the base matrix may be
independently multiplied with one of K different possible scalars. K™ different
steering matrices may be obtained from K™™' different permutations of the K scalars for
N -1 rows. For example, each of rows 2 through N may be independently multiplied
with a scalar of +1, -1, +j,or —j. For N=4 and K =4, 64 different stecring
matrices may be generated from a2 4x4 base matrix with four different scalars, In
general, each row of the base matrix may be multiplied with any scalar having the form
e’’, where #may be any phase value. Bach element of a scalar-multiplied N xN base
matrix is further scaled by llafﬁ to obtain an NxN steering matrix having unit power
for each column.

~ [0076] Steering matrices derived based on a Walsh matrix (or a 4x4 Fourier matrix)
have certain desirable properties. If the rows of the Walsh matrix are multiplied with
scalars of £1 and =+ j, then each element of a resultant steering matrix is +1, -1, + 7,
or ~j. In this case, the multiplication of an element (or “weight™) of a spatial filter
matrix with an element of the steering matrix may be performed with just bit

manipulation. If the elements of the L steering matrices belong in a set composed of



mani pul ation. If the elenments of the L steering matrices belong in a set
conposed of 23 + j, - j} , then the conputation to derive the spati al
filter matrices for the full <correlation case can be greatly sinplified. 5.
M MO System 10077] FIG 6 shows a bl ock di agram of an access point 610 and a
user termnal 650 in a MRAO system 600. Access point 610 is equi pped with
N. antennas that may be used for data pgansm ssion and reception, and user
termnal 650 is equipped with Nt antennas, where NP > 1 and N~ > 1. [0078]
On the downlink, at access point 610, a TX data processor 620 receives and
processes (enqodest ji NGRS theRtheSompieticiyiblaetiveTap Spatial fftér madtdesifor thddilh and
control/ overhead data and provi des data synbols. A TX spatial processor
630 per f or ncogplatioméase padwameithyginplifietde dat a synbols with steering matrices
V(m and possibly eigenvector matrices E(m for the downlink, e.g., as

shown in Tabl e m&mﬁfpat i al processor 630 also multiplexes in pilot
synbol s, as appr n provides Nap streans of transmt synbols to
Nap transm tter i 32a roygh 632ap. Each.transm,tter uni.t .

recei ve®V8hd pr oﬁégﬁ%wsr%%@&&g%mﬁ%éﬁéﬁqeﬁsgmpagflraé’:i?ﬁt %g@?rbles a
cor respondi NoVERU Ykl G000 Wcadss Poidit G11Ak eqiippedGAMTN], RikteiRAUhA ne teigerl s from

transmtter units 632a through 632ap are transmtted from Nap antennas 634a

t hrough 634fap datactrpnsotssionl gnd eI, And (user termingl 30 Boeuinned wWith Shnas 652a

t hrough 652ut  recei }'16 t(ﬁe trargi 1 tted downlink nodul ated signals, and each
#ed N

antenna pro AW v & G I>]t'o a respective receiver unit 654. Each

ecel velnill 1 3R Qg 5655 Mk O, SR YrdcBubt 820 sRENECRIE | Y
ocelver N e e e g e a1 Tablee Ioand
pr (r)rt\;i ;:Iez de‘l"é@’l%‘ﬁ%%ﬁ%? E@WS&‘? data ﬂﬁnl?& d%t%i WB%Q%%‘%?FSOB%& B?%CE'E@ Spatia} o ga,
symbo emgpggcgég%?% Be &&Vﬁ@m&%@gﬁ@@%ﬁb& VehPShe JoldtipeipyiVeabs an

provi des de or t
matrices E(m) for the downlink, e.g., as shown in Tables 1 and 2. TX spatial processor

630 also multiplexes in pilot symbols, as appropriate, and provides Ny, streams of
transmit symbols to Ny, transmitter units 632a through 632ap. Each transmitter unit 632
receives and processes a respective fransmit symbol siream and provides a
corresponding downlink modulated signal. N,, downlink modulated signals from
transmitter units 632a through 632ap are transmitted from N, antennas 634a through
634ap, respectively.

[0079] At user terminal 650, N; antennas 652a through 652ut receive the transmitted
downlink modulated signals, and each antenna provides a received signal to a respective
receiver unit 654. Bach receiver unit 654 performs processing complementary to that
performed by receiver unit 632 and provides received symbols. An RX spatial
processor 660 performs receiver spatial processing on the received symbols from all Ny,
receiver units 654a through 654ut, e.g., as shown in Tables 1 and 2, and provides
detected data symbols. An RX data processor 670 processes (e.g., symbol demaps,
deinterleaves, and decodes) the detected data symbols and provides decoded data for the
downlink.

[0080] The processing for the uplink may be the same or different from the processing
for the downlink. Traffic and control data is processed (e.g., encoded, interleaved, and
symbol mapped) by a TX data processor 688, spatially processed by a TX spatial

processor 690 with steering matrices V(m) and possibly eigenvector matrices E(m) for



[ 0080] The processing for the uplink may be the same or different fromthe
processing for the downlink. Traffic and control data is processed (e.g.,
encoded, interleaved, and synbol napped) by a TX data processor 688,
spatially processed by a TX spatial processor 690 with steering nmatrices
V(m and possibly eigenvector matrices E(nm) for 24 the uplink, and

mul tiplexed with pilot synbols to generaste Nt transmt synbol streanms. Nt
transmtter units 654a through 654ut condition the Nt transmt synbol
streans to generate N't uplink nodul ated signals, which are transmtted via
Nut ant ennasthé bglink, it mulyiplekb®@with pilGGSibolAtto geaneess Np drangmib &Anbdl kzeamsl | nk

dul ated signal ' b t 634a th h, 6 d
b oceased by mABHENE: YHP QiR Puobe i ah pa s Ny e ATRO ReeEr Joq
symbol s for gdﬁera_tepNLtﬂiminlerm&&\slamaﬁ%ﬂs, FHIEHE B Of arBrhttcld ©Fi& N, [VEntE RS 6524

spatial processing on the received synbols and provi des detected data
synbol s, whi Brpugh 852ut.yr t her processed by an RX data processor 646 to obtain

decodedgigha 1 or Lfigoluplbol 16, PRl ARRRMY 5ol e MbeR LB bDRL Aiihpanne

estimatfion and spatia mat ri X conpu atcéss pol nt and
user term nab34arniaepgré3dzpland pfoadsedby B srebeiGeramits 6580thoomgh 1632apt foeobtaizer at i on

f [ [ it t..th . i nt t ' | ..
espact | vel yieoERvbgttvt e Rpvickn ARRS B Broensdl S Perbont SRS Mtishseq by
control | ers £3essingl of8Be rb@HRACHbEIsYand[R6RA3ds Htéoted” dth Qpmbal, FhfeRdireeNt oOf

processor 678, which perforns channel estinmation and spatial filter matrix

conput at i on fugtherpseqessed bivian KX datopropessqs £4h tq obtein decededdaty for thayplinks r ecei ved
ilot s | s an | o f 1 SSi on
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per f or m t i mescelputation ffod the mceegs péint el wshaterminal, espertivelyne@onitroBers 640 atde

current and i or ransm ssi on.spans to obtai n. a higher qual.ity .channel

response nat %Oxcqu\:}{ the,opgfgtion 9&8&%@&1@5’#&& paits, gt izchgq% %”b‘gt%/"éll U | ter

matrix M _, . terminal] RBF4EvEIQr Méthdry uaid 681 aides2Htork datah@dipibgrim|coddaaisbd!

filter matrix M [" 'may be (1) a Dbase spatial filter matrix M bOC conputed
based on H( ﬂym&oﬂmd@&éﬁ@eﬁm@m%r processi ng techni que or (2) a

spati al [dfolh:*]t er meird X Nhbva a?noémf)&ﬁlﬂéﬂp c?fsbﬁ)@eé&a'a’)’é; which performs channel
estimation and spatial filter matrix computation for user terminal 650. A channel
estimator 712 obtains received pilot symbols and derives a channel response matrix for
each transmission span in which received pilot symbols are available. A filter 714 may

performn time-domain filtering of the channel response matrices for the current and prior
transmission spans to obtain a higher quality channel response matrix H(m). A unit
716 then computes an initial spatial filter matrix M, ;.

[0084] For fully correlated H(m), the initial spatial fiiter matrix M, ,, may be (1) a
base spatial filter matrix M, ,,, computed based on H(m) and the selected receiver
processing technique or (2) a spatial filter matrix M_ (1) for transmission span 1
computed based on H(1), V(1), and the selected receiver processing technique. For
partially correlated H(m), the initial spatial filter matrix M, ,, may be an initial guess
M, 4. (£) or M (m) that is obtained based on a spatial filter matrix M_(¢) computed
for another transmission span £. A unit 718 computes the spatial filter matrix M, (m)
for transmission span m based on the initial spatial filter matrix M, ,, and the steering

matrix V(m) used for that transmission span. For partially correlated H(m), unit 718



conput ed based on H(1) , V(1) , and the sel ected receiver processing
technique. For partially correlated Hm , the initial spatial filter
matrix M,,,,, maybe an initial guess M base(s) or M(m that is obtained
based on a spatial filter matrix M (@ conputed for another transm ssion
span k . A unit 718 conputes the spatial filter matrix M (m for

transm ssion span m based on the initiabsspatial filter matrix M ,al, and
the steering matrix V(n) used for that transm ssion span. For partially
correlated H(m, unit 718 25 may inplenment an iterative procedure to

comput e for gy Mipledes daOiterafite brocédudé to %@m wtalfof IML @) BaEdedion thehinitial i s an

initial guess of M (m. [0085] Processor 8 perform; channel estimtion

and spati al @aﬁﬂﬁlteﬂmamxxwhommmhdrgues‘s@fM;(cmass poi nt 610 and may be

i npl emented in simlar nmanner as processor  678. [OOBglt The spatial filter
§§‘#‘1F1

matrix ©8¥but at i FHoacesen A pEoras Plecgtimation snd sagtiah Sltes malrix cempaation,
har dvar e, - ooPt igee pOIEEBED fd duNPimip RN Tl e, APRERRENRTE) 1 ot on,

the prooggsi ng mhlet spafidr fitgramabix fcompumnomtechmqwnﬂemabedohemmyntw be
|rrplerrentedW| or, nore applicatjo I c _integrat cuits
(R8I Coy G plameRied b vaiou Bt Loy bl theif Ertmiques iy iplimetied i

devi ces (Dsﬁiﬁawm@rmwmwaecdm&oﬁ%e@&s F&Lmﬂ%@hﬂpleﬂmﬁﬁ@ﬂml e gate

arrays (FPGAs), processors controllers, mcro-controllers,
mi cr opr oces spyPesssing wits fer wetial filter matmixcompuistionmay be implemented Witkinoumer i ons

ot eron o | BoE ol A AR ARGSOLICH M SO praBtOBED .

I mpl ement ation
nodul es (e. @gt@mrmd@rbmsmg ueviteso(SPDR)) pregrarampble Togic sleﬁbwa(lPé.Ds))d'mkd may be

stored in nenor nits 642 and 6 in_FlG

executed byprﬂﬂ%@@?é e aérays c@%bj’l R afOF §; nmﬁr@corg%o eFFhe
nMenory unit xﬂﬁyophmsbﬁploﬁ{eme@&om tupktd dedigned! RCHEFRH BE faxdtRhe AbsckiBed he
processor, in which case it can be communicatively coupled to the processor

via various hesimor asombingtienereof t he art. [0088] Headings are included
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t her ei n undeperfoanel Witk sedntes {epy sramyxrdssaﬁmcaqms | adadm bm)t yThersofitaser coglect | ons

throughout may be stored in memory units (e.g., memory units 642 and 682 in FIG. 6) and executed

by processors (e.g., controllers 640 and 680 in FIG. 6). The memory unit may be
implemented within the processor or extemal to the processor, in which case it can be
communicatively coupled to the processor via various means as is known in the art.

[0088] Headings are included herein for reference and to aid in locating certain
sections. These headings are not intended to limit the scope of the concepts described
therein under, and these concepts may have applicability in other sections throughout
the entire specification.

[0089] The previous description of the disclosed embodiments is provided to enable any
person skilled in the art to make or use the present invention. Various modifications to
these embodiments will be readily apparent to those skilled in the art, and the generic
principles defined herein may be applied to other embodiments without departing from
the spirit or scope of the invention. Thus, the present invention is not intended to be
limited to the embodiments shown herein but is to be accorded the widest scope

consistent with the principles and novel features disclosed herein,

10090} WHAT IS CLAIMED IS:



the entire specification. [0089] The previous description of the disclosed
enbodi nents is provided to enable any person skilled in the art to nake or
use the present invention. Various nodyfications to these enbodinents will
be readily apparent to those skilled in the art, and the generic principles
defined herein may be applied to other enbodi nents w thout departing from
the spirit or scope of the inventiogLAIMSs, the present invention is not
intended to be |imted to the enbodi nents shown herein but is to be
accorded the w dest scope consistent with the principles and novel features
di scl osed herein. [0090] WHAT IS CLAIMED IS: 26 CLAIM5 1. A nethod of

t ransni tlt i ng Adatethadhel transftizngsdate ansleding pnyitsrs of syrabelsvia gl multipoinput

mul ti pl e- qutput nnel, conprising: deriving an initial spatial
filter r%‘g{ril]iﬂg%ﬁ&m(ﬁgﬁﬁnﬁi’gﬂgﬁﬁgw? esponse matrix and a selected
recei ver processin@ntigitibnspauel fildtdnfek based bR atdhahnd) r&HBAS MgriRant e

stream of synbols with a spatial filter based on the initial spatial filter
matri x &pECtRd rageiyer propessngdechdiquagandat ri ces so that a data transnission

observes a plural . . ef I Ve nn : h Q f i ,
wherein the 3§E@T?Ibéﬁ§;r%a§§|¥%§y3¥ m?&sesstr%g& forfgsxgljgog.ﬂ%g Sﬁ%t?%gﬁieg# ‘Egg?ié)lnm 1,
wher ei n thdmitthdbpatial Ahehasixend CRitRdifkeentatdetitg Mattioes @b thitMatSyaRalissiond. The
met hod of claim1, further conprising: determning a spatial filter matrix
for eaclobemves ajplusabify efietigetive iamslssi on spans within a static range based
on the initial spatial filter matrix, and a steering matrix used for
respective transm ssion spans; and perform ng spatial processing using the
spati al 2 it dhenmsihddofchdainy iwhetein e datectnansmissiog copiprises a fiymef t r ansmi ssi on
spans during each of the plurality of transm ssion spans. 5. The net hod of
claim1l, further conprising deriving a second spatial filter matrix based
on the i3ni ti dhespahoddf dlaiht Erwinméinitie data transmission comprises a plurality of OFDM

symbols.

4, The method of claim 1, further comprising:

determining a spatial filter matrix for each of a plurality of transmission spans within
a static range based on the initial spatial filter matrix, and a steering matrix used for
respective transmission spans; and

performing spatial processing using the spatial filter matrix determined for each of the

plurality of transmission spans during each of the plurality of transmission spans.

5. The method of claim 1, further comprising deriving a second spatial filter matrix

based on the initial spatial filter matrix.

6. The method of claim 5, further comprising deriving a third spatial filter matrix based

on the second spatial filter matrix.

7. An apparatus in a multiple-input multiple-output (MIMO) communication system,
comprising;

means for deriving an initial spatial filter matrix based on a channel response matrix
and a selected receiver processing technique; and

means for performing spatial processing with a spatial filter matrix derived from the

initial spatial filter matrix and with different steering matrices to allow a data transmission to



6. The nethod of claimb5, further conprising deriving a third spatial filter
matri x based on the second spatial filter matrix. 7. An apparatus in a

mul tiple-input multiple-output (MM ?pm’runi cation system conpri sing:
means for deriving an initial spatial Tilter matrix based on a channel
response matrix and a selected receiver processing technique; and neans for

per f or m Bo. sPRkiy litféfg@éﬁivggh%gg a spatial filter matrix derived fromthe

initial spatia I matrix and with different steering nmatrices to all ow
a data transmission to 27 observe a plurality of effective channels. 8. The

appar at of ~¢l ai [.el 1.SS] [ frame. 9.
The appgf at usﬁl 8% pg%%ﬁu%\é@aa%&%ﬁ%e@ﬁégg%{%grgﬁgrﬂzlalgsz%?g%@gn égﬁfga??eges a
plurality of OFDM synbols. 10. The apparatus of claim7, further conprising

means fqr determ ning a ti filter rix far .each of. a plural.ity. of
transm ssion aar@a{ﬁg'lsh?ﬁgglrg?}at‘i" er?‘&n@@%&% ie‘ﬁn%’?fsﬁmf YEMPHPES glplfmgdb{it %/fal
filter mtpNPsyn®DE. @ steering matrix used for respective transnission spans.

11. The apparatus of claim7, further conprising neans for deriving a second
spatial filter matrix based on the initial spatial filter matrix. 12. The

appar at yg_of .T%Egdggléléﬂusnéf;’ﬂéiﬂﬁﬁ g.{ri]’gi@f E%P‘ﬂ?ﬁ??f}?&% Por &’&éﬂnﬁhi’ﬁg aﬁﬂﬁaﬁhf firgPat i al

filter matrix 0 e sec spat matrix. 1 n appar at us
i n a nulmatpk éer capiudf apluralpy ef cansmissigiVipeb) withimalstat@tange basedtoang the initial
conpri si ng[; 2 spati al iﬁ){gocessor confi h)gd to derive an initial spatial
filter R MIBLREHXoAIGA SEEHIETRRIIXAS ECSRETHVEXTARSRYISSIO8 SPEBt ed 1 ecei ver
processi ng techni que, and performspatial processing with a spatial filter
matrix derived fromthe initial spatial filter matrix and with different
st eeri nd lnat ribe@pparatua of elaina 7gairther eemprifingsmesnstior desbang e secoptl apatial filfetof

ef f ecti \ﬁ(?atri}?tag&a%hﬁhe ﬁlﬁgalggagir?@ﬁﬁ%ﬁgﬁi%;f claim 13, wherein the data

transm ssion conprise apparatus of claim 13, wherein the
data transm ssion conprises a plurality of

12, The apparatus of claim 11, further comprising means for deriving a third spatial filter

matrix based on the second spatial filter matrix.

13.  An apparatus in a multiple-input multiple-output (MIMO) communication system,
comprising:

a spatial processor configured to derive an initial spatial filter matrix based on a
channel response matrix and a selected receiver processing technique, and perform spatial
processing with a spatial filter matrix derived from the initial spatial filter matrix and with
different steering matrices to allow a data transmission to observe a plurality of effective

channels.
14. The apparatus of claim 13, wherein the data transmission comprises a frame.

15.  The apparatus of claim 13, wherein the data transmission comprises a plurality of
OFDM symbols.

16.  The apparatus of claim 13, further comprising a first spatial matrix computation
processor configured to determine a spatial filter matrix for each of a plurality of transmission
spans within a static range based on the initial spatial filter matrix, and a steering matrix used

for respective transmission spans.



OFDM synbol s. 16. The apparatus of claim 13, further conprising a first
spatial matrix conputation processor configured to determ ne a spati al
filter matrix for each of a plurality of transm ssion spans within a static
range based on the initial spatial filpger matrix, and a steering matrix used
for respective transm ssion spans. 28 17. The apparatus of claim 13,
further conprising a second spatial matrix conputation processor configured
to derivg. a dheappaanstifadlaiid I3 efurthed comprixiseed secoridhspatiali matix spaputationf i | ter
matri x. 18. The apparatus of claim 17, further cqnprjsing a.third, tial

mat ri x GCOPRISCALCP m?ﬁfﬁb%égféra weond ﬂﬁ‘ltlé]dg’(r“éf rH@FIP‘\(j@S%f{ Pt ng}ﬁ‘gts?aélla? P‘ﬁf’rt er

mat ri x ggd on the second spatial filter matrix. 19. An apparatus in a

mul tiple-input nultiple-output (MM conmunication system conprising: a
nodul e configured to derive an initial spatial filter matri x based on a
channel ,.res S rJ X a e [ ver Q [ e ' - and a
nodul e clcé)g nf i 8@1 Eeagjpg%ttuﬁ’e?]? gfr&%nslp‘gﬁl gﬁérpgoéﬁc‘grgsggng t\lhﬂff:l hsi)g&%plg&rgl SWL?%?U%H rx
deri ved prédesdtir tcbafigured kablerbyead tdtd $patitlefiligrahatiix tasel vh the sicbhdsgaial Stteer i ng
matrices tqo allow a data transm ssion to observe a plurality of effective
channel $13®. The apparatus of claim 19, wherein the data transmission
conprises a frane. 21. The apparatus of claim 19, wherein the data

transm ssion conprises a plurality of OFDM synbols. 22. The apparatus of

cl ai m 199. f urAtheppasaprin s mgltiple-mnpait Inaul plafougput dYIMO Heemmuinivetion spdemal
filter matrix. for each of a plurality of transm ssion spans within a static
range bZ8BR3REt he i niti al spatial filter matrix, and a steering matrix
used for respegbiye ¢dndREFEdS® Q&tivePam $nitialn ShadiaBiddt enAARTHage 0 4 ehf@ef or m
spatial processing using the spatial filter matrix determ ned for each of

t he pl uredponse watrxaad griclestied feoespign progessinggedmidieotnd he plurality of

transm ssion SBaife configured to perform spatial processing with a spatial filter matrix derived

from the initial spatial filter matrix and with different steering matrices to allow a data

transmission to observe a plurality of effective channels.

20.  The apparatus of claim 19, wherein the data transmission comprises a frame.
21.  The apparatus of claim 19, wherein the data transmission comprises a plurality of
OFDM symbols.

22.  The apparatus of claim 19, further comprising:

a module configured to determine a spatial filter matrix for each of a plurality of
transmission spans within a static range based on the initial spatial filter matrix, and a steering
matrix used for respective transmission spans; and

a module configured to perform spatial processing using the spatial filter matrix
determined for each of the plurality of transmission spans during each of the plurality of

transmission spans.

23.  The apparatus of claim 19, further comprising a module configured to derive a second

spatial filter matrix based on the initial spatial filter matrix.

24.  The apparatus of claim 23, further comprising a module configured to derive a third

spatial filter matrix based on the second spatial filter matrix.



23. The apparatus of claim 19, further conprising a nodule configured to
derive a second spatial filter matrix based on the initial spatial filter
matrix. 24. The apparatus of claim23,,§urther conprising a nmodule
configured to derive a third spatial Tilter matrix based on the second
spatial filter matrix. 29 25. A conputer-readable nmedi um having stored

t her eonsgonp I 2 f libt 4 I i Ng a
Strcam of yrbay ol B o e SRR Ry TR Mg
i nst r uctferotransoattingi datagndodieg f 0 streahe raf viymdobnviana ndtiplepaputamuitipld-eutputat r i x

based o annel response. matri x.and a el ected receiver processin
t echni qEMcfﬂﬁmﬁﬁ?rﬁﬁﬁugt?ﬁF%‘Flprd?lﬂ%gg@i ]ﬁb using a spati al lOfi | ter mgat rix
based on the gefihbaln midddll hatiall fildrematfid bistd aHda Whhihedl i rEdRHEN naBie @hd RY

matrices so that a data transm ssion observes a plurality of effective
channel s¢le@6d rethiverpopessimg teahadmb] andmedi um of ¢l ai m 25, wherein the data

transm ssion ¢ rises .a frane. 27. The ¢ ut er - readahl e di.um of .claim
25 wher oi n PRAOTEDE So7ish SHCE iy S BAp AP TG FIeve Iy B PerekPL S o.
28. The MRPRLHIRE -mdadak| BRI YWEbRhg FhaAidBs 2o, that!fal 885 EPSRISRINEbserves a
instructions for: determning a spatial filter matrix for each of a

pl ur al i tpjuralitytof affesiveshanmetpans within a static range based on the initial
spatial filter matrix, and a steering matri x used for respective

transm ssion spans and perform ng spatial processing using the spati al
filter mmatri Xhdebmpoienechdbble neaitim of clale 25pivheraln thy deth ttanam&sioaioomprisgsans
during each of the plurality of transm ssion spans. 29. The

conput ed-F¥E¥dabl e nmedi um of claim 25, further conprising instructions for
deriving a second spatial filter matrix based on the initial spatial filter
matri x. 30. The conputer-readabl e nmedjumof claim?29, further conprising

i nst r uctd’ons Thecomgrieryeadgblg madiyr of glatm 2P, where thedata Genpmiseignsamprigessecond

spati al afﬂlﬁrﬁﬁ{y o%ﬁﬂﬁﬁ'symbols.

28.  The computer-readable medium of claim 25, further comprising instructions for:
determining a spatial filter matrix for each of a plurality of transmission spans within
a static range based on the initial spatial filter matrix, and a steering matrix used for
respective transmission spans and
performing spatial processing using the spatial filter matrix determined for each of the

plurality of transmission spans during each of the plurality of transmission spans.

29.  The computer-readable medium of claim 25, further comprising instructions for

dertving a second spatial filter matrix based on the initial spatial filter matrix.

30.  The computer-readable medium of claim 29, further comprising instructions for

deriving a third spatial filter matrix based on the second spatial filter matrix.



